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a b s t r a c t
Plant viruses exploit the host machinery for targeting the viral genome–movement protein complex to
plasmodesmata (PD). The mechanism by which the non-structural protein m (NSm) of Groundnut bud
necrosis virus (GBNV) is targeted to PD was investigated using Agrobacterium mediated transient
expression of NSm and its fusion proteins in Nicotiana benthamiana. GFP:NSm formed punctuate
structures that colocalized with mCherry:plasmodesmata localized protein 1a (PDLP 1a) conﬁrming that
GBNV NSm localizes to PD. Unlike in other movement proteins, the C-terminal coiled coil domain of
GBNV NSm was shown to be involved in the localization of NSm to PD, as deletion of this domain
resulted in the cytoplasmic localization of NSm. Treatment with Brefeldin A demonstrated the role of ER
in targeting GFP NSm to PD. Furthermore, mCherry:NSm co-localized with ER–GFP (endoplasmic
reticulum targeting peptide (HDEL peptide fused with GFP). Co-expression of NSm with ER–GFP showed
that the ER-network was transformed into vesicles indicating that NSm interacts with ER and remodels
it. Mutations in the conserved hydrophobic region of NSm (residues 130–138) did not abolish the
formation of vesicles. Additionally, the conserved prolines at positions 140 and 142 were found to be
essential for targeting the vesicles to the cell membrane. Further, systematic deletion of amino acid
residues from N- and C-terminus demonstrated that N-terminal 203 amino acids are dispensable for the
vesicle formation. On the other hand, the C-terminal coiled coil domain when expressed alone could also
form vesicles. These results suggest that GBNV NSm remodels the ER network by forming vesicles via its
interaction through the C-terminal coiled coil domain. Interestingly, NSm interacts with NP in vitro and
coexpression of these two proteins in planta resulted in the relocalization of NP to PD and this
relocalization was abolished when the N-terminal unfolded region of NSm was deleted. Thus, the NSm
interacts with NP via its N-terminal unfolded region and the NSm–NP complex could in turn interact
with the ER membrane via the C-terminal coiled coil domain of NSm to form vesicles that are targeted to
PD and there by assist the cell to cell movement of the viral genome complex.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Unlike animal cells, plant cells have a rigid cell wall, which
limits the cell to cell communication. However, they have a
specialized structure that connects neighboring cells called plas-
modesmata (PD). PDs contain a central axial membranous com-
ponent, the desmotubule, derived from oppressed endoplasmic
reticulum (ER). Transport of plant viral genomes from infected
cells to neighboring healthy cells requires a viral-encoded specia-
lized protein called movement protein (MP) (Lucas, 2006). Earlier
studies on MPs have indicated that the movement of virion or
ribonucleoprotein complex (RNP) is achieved by either increasing
the size exclusion limit (SEL) of PD (Wolf et al., 1989) or by
formation of tubular structures (Kasteel et al., 1996; Ritzenthaler
et al., 1995; Wieczorek and Sanfacon, 1993). Although MPs have
similar function and MPs from one virus can complement the
movement of another unrelated virus, they share limited amino
acid sequence similarity (Mushegian and Koonin, 1993; Sche-
petilnikov et al., 2008).
The targeting of MPs to the PD requires several host factors
such as cytoskeletal proteins and the host endomembrane system.
Some viruses have been reported to utilize microﬁlaments to
target their MPs to PD (Cui et al., 2010; Harries et al., 2009; Su
et al., 2010), while others use microtubules or the endomembranes
(Ashby et al., 2006; Boyko et al., 2007; McLean et al., 1995; Wright
et al., 2007). The MPs use either the secretory pathway (Genoves
et al., 2010; Laporte et al., 2003; Wei et al., 2010; Yuan et al., 2011)
or endocytic pathway(Carluccio et al., 2014; Haupt et al., 2005;
Lewis and Lazarowitz, 2010) for their targeting to PD. A majority of
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the MPs associate with ER network and such an association is
essential for inter and intra cellular movement of the virus (Andika
et al., 2013; Genoves et al., 2011; Schepetilnikov et al., 2008).
Tospoviruses, the only plant virus genus in the Buniyaviridae
family, are single stranded negative sense RNA viruses. NSm, the
protein encoded by M RNA, involved in cell to cell movement, is
unique to tospoviruses. The NSm of Tomato spotted wilt virus (TSWV),
the type member of this genus, has been shown to bind to RNA and
nucleocapsid protein (NP) as well as to host factors such as dnaJ and
At4/1 (Soellick et al., 2000). Further, the protein has been shown to
form tubules in protoplasts and insect cells (Storms et al., 1995). The
domains involved in the movement, tubule formation and symptom
expression were delineated using alanine scanning and deletion
mutation (W. Li et al., 2009). However, these reports were based
on the studies using protoplasts that lack functional PD. Recently,
NSm of Imaptiens necrotic spot virus (INSV), another member of
tospovirus genus, was shown to form a continuous line and localize
to cell membrane rather than to PD (Dietzgen et al., 2012). From
these reports it is clear that the pathway by which the viral MPs
target themselves to PD/membranes or form tubules could depend
on the host–virus interactions.
Groundnut bud necrosis virus (GBNV) is the most prevalent
tospovirus in India and GBNV NSm exhibits 45% identity with
TSWV NSm (Satyanarayana et al., 1996). The mechanism by which
GBNV NSm is targeted to PD is not known. In an earlier study we
have demonstrated that the recombinant GBNV NSm associates
with liposomes via its coiled coil domain and causes their fusion
(Singh et al., 2014).
In this report, we demonstrate that unlike the tubule forming
TSWV NSm, GBNV NSm forms punctuate structures and it localizes
to PD through its C-terminal coiled coil domain. Additionally, we
show that, GBNV NSm disrupts the ER network leading to the
formation of vesicles. Further, NSm could interact with NP via the
N- terminal disordered region and cause a change in the localiza-
tion of NP and NSm. Such an interaction with NP and the
remodeling of ER via the coiled domain may be responsible for
viral movement.
Results
In planta expressed NSm forms punctate bodies and localizes to PD
Confocal microscopy of leaf samples expressing GFP alone 60 h
post inﬁltration showed green ﬂuorescence throughout the cells
indicating that GFP localizes to the cytosol, and to the nucleus as
observed earlier (H. Li et al., 2009) (Fig. 1A). On the other hand,
green ﬂuorescent discontinuous punctate bodies were observed
on the membrane when GFP:NSm was expressed (Fig. 1B). These
punctate bodies appeared as doublet, a characteristic feature of PD
localization (Fig. 1B, left panel inset). Therefore, to conﬁrm that
NSm localizes to PD, the PD marker, PDLP1a (Amari et al., 2010)
was cloned into pEAQ–mCherry and transformed into C58C1
agrobacteria. The Nicotiana benthamiana leaves were coinﬁltrated
with these transformants along with Agrobacteria harbouring
pEAQ–GFP:NSm. As shown in Fig. 1C, the NSm localized as
punctate bodies (green ﬂuorescence, left panel) along with
mCherry:PDLP (Fig. 1C, middle panel) that merged well (yellow
ﬂuorescence, right panel and inset). The expression of GFP:NSm
was conﬁrmed by Western blotting using antiNSm antibody
(Fig. 1D). These results conﬁrmed that NSm indeed localizes to PD.
Identiﬁcation of domain involved in PD localization
Tospoviral NSm does not have any transmembrane domain which
is implicated to be involved PD localization in other plant viruses
(Andika et al., 2013). Therefore, it was of interest to delineate the
domain involved in PD localization. Towards this end, deletion
mutants of NSm were generated based on secondary structure of
the protein. The N-terminal 50 residues of GBNV NSmwere predicted
to be disordered when the sequence was analyzed by fold index
program (Prilusky et al., 2005). Similarly, C-terminal 268–298 amino
acid residues were predicted to form a coiled coil domain by the
COILS prediction server (http://embnet.vital-it.ch/software/COILS_
form.html). Therefore, deletion mutants with the N-terminal 50
amino acid residues (called pEAQ–GFP:NSmNΔ50) and C-terminal
40 (pEAQ–GFP:NSmCΔ40), 65(pEAQ–GFP:NSmCΔ65) and 79 (pEAQ–
GFP:NSmCΔ79) amino acid residues deleted were generated (Fig. 2A).
The deletion of N-terminal 50 amino acid residues did not alter the
localization of NSm to PD (Fig. 2B). The expression of GFP:NSmNΔ50
was conﬁrmed by Western blot analysis ( Fig. 1D). However, deletion
of C-terminal 40 amino acids resulted in the absence of GFP–NSm
CΔ40 at PD and the mutant was localized in the cytosol (Fig. 2C).
Further deletions of amino acids from C-terminus also resulted in
their localization to cytosol only (Fig. 2D and E). These results indicate
that the C-terminal coiled coil domain is indispensable for the
localization of GBNV NSm to PD, whereas, the N-terminal unfolded
region is not essential for localization to PD.
Localization of NSm to PD is disrupted by Brefeldin A (BFA)
To decipher the pathway followed by NSm to target to PD,
inhibitors of endomembrane or vesicle mediated transport were
used. BFA, a fungal toxin, is extensively used to block secretory
pathway in plants and animals (Fujiwara et al., 1988; Satiat-
Jeunemaitre et al., 1996). BFA causes the Golgi to fuse with the ER
and form membranous islands throughout the cell (Mitra et al.,
2003). Therefore, BFA was used in the present study to understand
the role of ER in targeting of NSm to PD. As shown in Fig. 3C and D,
when agroinﬁltrated leaves were treated with low concentration of
BFA (10 μg/ml), green islands of GFP–NSm were observed in the
cytoplasm unlike the control wherein GFP–NSm was expressed on
the PD in the absence of the inhibitor (Fig. 3A and B). However, there
was considerable amount of GFP–NSm on cell membrane also. When
higher concentration of BFA (25 μg/ml) was used, it was found that
the GFP–NSm islands were present in the cytoplasm only and not on
PD (Fig. 3E and F). To validate this experiment, GFP expressed with
the signal peptide (HDEL) that directs it to ER (ER–GFP) was used as
positive control (Fig. 3G and H). At 10 μg/ ml of BFA, the ER network
collapsed and formed green islands (Fig. 3I and J). However, some ER
network was still observed which was completely lost after the
treatment with 25 μg/ml of BFA (Fig. 3K and L). These results
suggested that ER was involved in targeting NSm to PD.
NSm colocalizes with ER–GFP and alters ER network
GBNV NSm was shown to associate with membranes earlier
(Singh et al., 2014). It was, therefore of interest to examine if NSm
would associate with ER. For this purpose, GBNV NSm fused with
mCherry and ER–GFP (GFP expressed with the signal peptide
(HDEL) that directs it to ER) were co expressed in N. benthamiana.
The three dimensional images were taken after 60 h post inﬁltra-
tion. As shown in Fig. 4A, ER–GFP and mCherry:NSm colocalized to
vesicles of ER network origin (seen as yellow spots Fig. 4 right
panel). To conﬁrm that NSm was remodeling the ER-network into
vesicles, pEAQ–NSm and pCB302–ER-GFP, were transformed into
agrobacteria and co-inﬁltrated into N. benthamiana leaves. When
ER–GFP was expressed alone a green ﬂuorescent network was
observed (Fig. 4 B) as expected. However, when ER–GFP was
expressed along with NSm (without any tag), the ER network
was lost to considerable extent and was converted into vesicles
(Fig. 4C). These results suggest that NSm has the ability to remodel
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Fig. 1. Subcellular localization of GBNV–NSm in N. benthamiana. Confocal laser scanning microscopy of leaves inﬁltrated with C58C1 agrobacterium strain transformed with
pEAQ–GFP, pEAQGFP:NSm or pEAQmCherry:PDLP1a. The images were taken 60 h post inﬁltration. The dark ﬁeld and overlay of dark and bright ﬁeld are shown as left and
right panels, respectively. (A) Expression of GFP alone, (B) expression of GFP–NSm appearing as green ﬂuorescent punctate structure at cell membrane (bright and dark ﬁeld
overlay). Inset: enlarged picture of the punctate structure showing its doublet nature. (C) Co-expression of GFP–NSm and mCherry–PDLP 1a. The left panel shows the
expression of GFP–NSm seen as green ﬂuorescent puncta. The middle panel shows the expression of mCherry–PDLP 1a, which ﬂuoresces red. The right panel is the merged
image clearly indicating the colocalization of mCherry–PDLP 1a and GFP–NSm on cell membrane. The arrow indicates the colocalization of both the proteins on cell
membrane. Inset: Doublet of merged red and green ﬂuorescence depicting colocalization on PD. (D) The Western blot of crude extract from GFP–NSm and GFP–NSmNΔ50
expressing leaves. The antiNSm antibody was used. The lanes are indicated above the blot.
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the ER network and form vesicles. These vesicles were scattered
throughout the cell with preponderance toward the cell periphery
as compared to the centre of the cells (Fig. 4C, right panel).
Delineation of domains involved in vesicles formation
It was shown earlier that refolded NSm can associate with
artiﬁcial membrane and that the NSm expressed in planta is
also membrane associated via the C-terminal coiled coil
domain (Singh et al., 2014). To delineate the region of GBNV
NSm involved in vesicle formation, point mutations and dele-
tions in the NSm gene were designed. DAS analysis (Cserzo et
al., 1997) of NSm indicated that a short hydrophobic region at
residues 130–138 could be involved in membrane association
(Fig. 5A). However, for an alpha helix to cross the lipid bilayer a
minimum length 20 residues would be required. This suggests
that the NSm might be a peripheral membrane protein with the
short hydrophobic region involved in membrane association.
The residues 130–138 are also conserved. In addition, there are
two conserved proline residues adjacent to the hydrophobic
region (Fig. 5B). We hypothesized that this hydrophobic region
could have formed a transmembrane helix if the prolines were
not present (Fig. 5C). Therefore, two mutations were designed,
one in which the hydrophobic region was destabilished by
converting isoleucine to glutamic acid at position135 (I135E)
and the other in which the hydrophobic region was converted
to transmembrane helix by substitution of prolines with
alanines (PP140-142AA) (Fig. 5C). These mutants were gener-
ated and transiently expressed in N. benthamiana as described
in the methods section. As shown in Fig. 5D, when NSm PP140-
142AA mutant was expressed the vesicles were present all
through the cells and there was no preferential localization on
Fig. 2. Identiﬁcation of the domain involved in PD localization of NSm: (A) Schematic representation of the deletion constructs used in the present study. (B–E) Transient
expression of GFP-tagged deletion mutants of NSm in N. benthamiana followed by confocal microscopy. Dark ﬁeld and overlay of dark ﬁeld and bright ﬁeld images are shown
in the left and right panels, respectively. GFP:NSm deletion mutants are indicated on the top of the images.
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the cell membrane, suggesting that the mobility of the vesicles
might have got affected upon mutation. These results indicated
that the conserved prolines are not essential for vesicle forma-
tion but might be required for targeting them to the cell
membrane. The mutation at I135E converts the hydrophobic
region to hydrophilic region. When the NSm I135E mutant was
transiently expressed, it was observed that the vesicles forma-
tion was not affected by the mutation (Fig. 5E). These results
indicated that the hydrophobic region and the adjacent con-
served prolines are probably not essential for vesicle formation
although the later may be crucial for mobilization to PD.
In order to identify the domain involved in vesicle formation,
the deletion mutants of NSm (without fusion with GFP) were
generated on the basis of the predicted secondary structure
(Fig. 2A). When NSm NΔ50 and ER–GFP were transiently co-
expressed in N. benthamiana as described in the method section, it
was observed that there was not much change in the vesicle
formation suggesting that these regions are dispensable for vesicle
generation (Fig. 6A). Further, deletion of N-terminal 110 amino
acids also did not alter the vesicle formation (Fig. 6B). The deletion
of 203 amino acids from the N-terminus, that is, expression of
the C-terminal 104 amino acids also led to formation of vesicles
(Fig. 6C). These results indicated that the C-terminal 104 amino
acids alone can transform ER membrane to vesicles.
C-terminal coiled coil region is responsible for vesicle formation
As mentioned earlier, the C-terminal 79 amino acid residues of
NSm were predicted to have a strong coiled coil domain (COILS
Prediction Server). The coiled coil region alone was cloned in pEAQ
and pEAQ GFP vectors in order to express the domain without and
with ﬂuorescent tag in N. benthamiana. The Agrobacterium trans-
formed with pEAQNSmC79 were inﬁltrated to the leaves expressing
ER–GFP and confocal microscopy was performed. As shown in
Fig. 7A, the coiled coil domain alone was also able to form vesicles
although the vesicles were larger in size compared to wild type NSm.
This indicates that although coiled coil domain alone is able to
disrupt the ER network it may not be sufﬁcient for targeting NSm to
PD. When cell membrane alone was focused, the vesicles could be
seen more clearly (Fig. 7B). To conﬁrm this, the pEAQ-GFPNSmC79
was also transiently expressed in N. benthamiana leaves. Vesicles of
variable size were observed near the cell membrane (Fig. 8). These
Fig. 3. Effect of BFA on localization of NSm and ER-GFP. (A) Epidermal cells showing the green ﬂuorescence of GFP–NSm. (B) The overlay of dark and bright ﬁeld images of
the same cells expressing GFP–NSm. (C) Dark ﬁeld image of green ﬂuorescence from GFP–NSm upon treatment with 10 μg/ml of BFA, (D) merge of bright ﬁeld and dark ﬁeld
image of GFP–NSm treated with 10 μg/ml of BFA. (E) The epidermal cells showing the localization of GFP–NSm upon treatment of 25 μg/ml BFA, (F) the merge of bright ﬁeld
and dark ﬁeld images showing the abrogation of its localization to the cell membrane. (G) The cells showing the expression of ER–GFP as network. (H) The merge of the
bright and dark ﬁeld images. (I) The cells showing the collapse of the ER–GFP network upon treatment with 10 μg/ml BFA. (J) The merge of the dark and bright ﬁeld of the
same cells. (K) The cells showing the expression of ER–GFP upon treatment with 25 μg/ml of BFA. (L) The merge of bright and dark ﬁeld images.
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results suggest that the coiled coil domain alone can transform ER
network into vesicles.
NSm interacts with NP (nucleocapsid protein) in vitro
It has been reported earlier that TSWV moves from one cell to
another as a nucleocapsid (Kormelink et al., 1994). In support of
this, direct interaction of TSWV NSm with NP has been reported
(Soellick et al., 2000). Moreover, in all the negative sense RNA
viruses the RNA genomes are bound to NP. Hence, it is the
nucleocapsid core that moves from cell to cell. Therefore, it can
be hypothesized that the GBNV NSm should interact with GBNV
NP for facilitating the movement of nucleocapsid. Therefore, the
interaction of GBNV NSm with NP was ﬁrst checked in vitro. For
this purpose, GBNV NSm was cloned into pGEX52 vector,
expressed and puriﬁed as GST fusion protein as described in the
methods section. Fixed concentration of GST–NSm (6 μg) was
coated on ELISA plates, blocked, washed and the NP was added
at different concentrations (1.5–6 μg) washed and the bound NP
was estimated by using NP antibodies as primary antibody (1:
10,000 dilution). As apparent from Fig. 9A, increase in concentra-
tion of NP resulted in increased absorbance at 450 nm indicating
that NSm interacts with NP in a concentration dependent manner.
The N-terminal unfolded region of NSm is involved in the re-
localization of NP to PD
In order to check the possibility of interaction of NSm with NP in
planta, which could lead to their colocalization, NP was cloned at
SmaI site in pEAQ–mCherry. As before the fusion protein was
transiently expressed in N. benthamiana. It was observed that NP is
expressed all through the cytoplasm (Fig. 9B). However when GFP-
NSm and mCherry-NP were co-expressed in N. benthamiana and
confocal images were taken 60 h post inﬁltration, it was found that
they relocalize themselves. As shown in (Fig. 9C), the GFP-NSm and
mCherry-NP were observed to colocalize well as yellow ﬂuorescence
in the cytoplasm as well as on the cell membrane.
It was of interest to delineate the domain of NSm involved in
interaction of NP and hence colocalization. Therefore, the
N-terminal deletion mutant of NSm (GFP:NSm NΔ50) was coex-
pressed with mCherry-NP. The Agrobacteria harbouring pEAQ–
GFP:NSmNΔ50 was coinﬁltrated along with pEAQ–mCherry:NP.
The confocal images were taken 60 h post inﬁltration. As evident
from Fig. 10A, GFP-NSmNΔ50 forms green punctate bodies only at
PD and at the same time red punctate bodies of mCherry-NP
corresponding to relocalization of NP to PD are not seen and there
is no merger of red and green ﬂuorescence either on the PD or in
Fig. 4. NSm co-localizes with the ER and remodels the ER network into vesicles. Agrobacteria harboring ER–GFP and pEAQ–mCherry:NSm or pEAQ–NSmwere transiently co-
expressed in N. benthamiana leaves. Images were taken 60 h post inﬁltration, in a confocal laser scanning microscope. The Z-stacks were taken and three dimensional images
were projected. (A)The epidermal cells showing the colocalization of ER–GFP and mCherry:NSm. The left panel shows the localization of ER-GFP. The middle panel shows the
localization of mCherry:NSm. The right panel is the overlay of left and middle panel images and corresponding bright ﬁeld image. The arrows indicate the vesicles formed.
(B) The epidermal cells show expression of ER-GFP. The left panel is the dark ﬁeld image and the right panel is the overlay of dark ﬁeld and its corresponding bright ﬁeld
images. (C).The epidermal cells showing coexpression of ER-GFP and pEAQ–NSm. The left panel is the dark ﬁeld image and the right panel is the overlay of dark ﬁeld and its
corresponding bright ﬁeld image of ER–GFP when co-expressed with NSm (without GFP) alone in epidermal cells. The arrows indicate the vesicles formed.
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Fig. 5. Site-directed mutational analysis of NSm to identify residues essential for vesicle formation. (A) DAS analysis of NSm to locate hydrophobic region or a putative
transmembrane domain. (B) Multiple sequence alignment of NSm of different Tospoviruses at the predicted hydrophobic region. (C) The hypothetical membrane association
property of NSm upon mutation of conserved P140 and 142 to alanines and I135 to glutamic acid. (D) The epidermal cells showing the reconstituted image of 10 Z-stacks of
ER–GFP expression pattern upon agroinﬁltration with pEAQ–NSmPP140-AA. (E) The dark ﬁeld images of cells showing the disruption of ER–GFP network upon coexpression
of NSm I135E. The arrows point to the vesicles in both the images.
Fig. 6. Analysis of ER GFP vesicles upon coexpression of NSm deletion mutants. (A) The dark ﬁeld image of the cells showing the disruption of ER network upon co-
expression of NSmNΔ50 and (B) The dark ﬁeld image of the cells showing disruption of ER upon co-expression of NSmNΔ110 And The dark ﬁeld image of the cells expressing
NSmNΔ203 and ER-GFP. The arrows point to the vesicles present in all the images.
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the cytoplasm. This suggests that the deletion mutant GFP:NSm
NΔ50 does not interact with NP and this interaction is important
for NP to relocalize itself to PD. Thus, GNBV NSm can relocalize NP
to PD via its interaction through the N-terminal unfolded domain.
Discussion
The present study was undertaken to establish the localization of
NSm to PD and to identify the domain involved in its localization to
PD. Further, the role of ER in targeting NSm to PD was also
investigated. Transient expression of proteins in Planta through
agroinﬁltration experiments can provide insights into the intracel-
lular pathway followed by these proteins to reach their targets during
viral infection (Genoves et al., 2010; Samuels et al., 2007). The GFP-
NSm was shown to localize to PD and form punctuate structures
similar to that observed in the case of TMV MP and TGB protein
(Thomas et al., 2008; Ueki et al., 2010). This was conﬁrmed by the
colocalization of NSm with PDLP1a, a PD marker (Amari et al., 2010;
Thomas et al., 2008) (Fig. 1). The localization of GBNV NSm to PD ﬁts
Fig. 7. Coiled coil domain alone has the capacity to form vesicles. (A) Image of cells co-expressing ER-GFP and C-terminal 79 aa residues of NSm. The left and right panels are
dark ﬁeld and overlay of dark and bright ﬁeld images, respectively. (B) Image of cells shown in (A) when focused on cell membrane. The left and right panels are dark ﬁeld
and overlay of dark and bright ﬁeld images, respectively. The arrows are indicative of vesicle-like structure.
Fig. 8. The transient expression of GFP tagged C-terminal domain (C79aa) of GBNV NSm. Left panel: Dark ﬁeld image of the epidermal cells showing expression of GFP–NSm
C79aa. Right panel: The overlay of image (A) with the corresponding bright ﬁeld image. The arrows point to the vesicles formed.
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well with the function of NSm as MP, although, the results are in
contrast to the reported formation of tubules by TSWV NSm in insect
cell or in protoplasts (Storms et al., 1995). On the other hand, INSV
NSmwas shown to localize to the cell membrane only demonstrating
that MPs of viruses from the same genera exhibit differences in their
localization probably because of differences in the nature of host
factors with which they interact. In contrast, Grapevine virus A (GVA)
MP forms tubules in protoplasts but not in epidermal leaves (Haviv
et al., 2012). Further, in the case of CMV 3a MP, the domains involved
in tubule formation and cell to cell movement were shown to be
mutually exclusive (Canto and Palukaitis, 1999) and tubules were not
detected in EM sections of epidermal tissue (Blackman et al., 1998).
On the other hand, small tubular structures were observed at PD
upon expression of Fig Mosaic virus (negative ssRNA virus) MP in N.
benthamiana epidermal cells but no tubular structure was observed
in the protoplasts (Ishikawa et al., 2012). These studies indicate that
different MPs exploit different strategies for their localization to PD
and to protoplasts and the role of MP tubules in cell to cell movement
is unclear. The results of the expression of the GFP tagged deletion
mutants of NSm (Fig. 2) clearly demonstrate that C-terminal 40
amino acids are involved in the localization of NSm to PD. This is the
ﬁrst report of a coiled coil domain shown to be involved in PD
localization of plant viral MPs. In contrast, the N-terminal unfolded
region is dispensable for PD localization. Interestingly, an analysis of
the sequence of TSWV NSm and INSV NSm, that do not localize to PD,
using the COILS server also showed the presence of C-terminal coiled
coil domain. In fact, the C-terminal coiled coil domain is conserved in
most of the tospoviruses (Table 1). It is possible that the coiled coil
domain has additional functions such as interacting with host
proteins (that could be different for each of these viruses) and are
crucial for their localization.
The ability of BFA to disturb the localization of NSm suggested that
the ER network could be involved in targeting NSm to PD (Fig. 3). The
MPs from positive ssRNA viruses are known to exploit host endo-
membrane for their targeting to PD. Further, the colocalization of
ER–GFP and mCherry–NSm to form punctate bodies on the cell
membrane (Fig. 4A) suggested that NSm associates with ERmembrane
as in other positive ssRNA viruses. However, complete merger of the
Fig. 9. Interaction of NSm and NP in vitro. (A) ELISA showing the interaction of NSm and NP. NSm (6 mg) was coated on ELISA plates and incubated at RT for 2 h. Then the
coated plates were blocked with 5% skimmed milk in 1 PBS, for 1 h followed by the addition of increasing amount of NP (1.5–6 mg), which was incubated for 2 h and the
ELISA was performed. The primary antibody against NP was used. BSA was used in place of NP and the blank absorbance was subtracted from the sample reading. The GST
was used as control. (B) Image showing the transient expression of mCherry-NP in N. benthamiana. Left panel: Dark ﬁeld image, Right panel: overlay of dark ﬁeld and its
corresponding bright ﬁeld image. (C)Image showing the transient co expression of GFP–NSm and mCherry-NP. Left panel: Expression of GFP-NSm, middle panel: Expression
of mCherry-NP, right panel: overlay image of expression of GFP-NSm, mCherry-NP and its corresponding bright ﬁeld image clearly indicating the colocalization at plasma
membrane.
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two expressed proteins was not observed. Further, the loss of ER–GFP
network upon co-expression of NSm conﬁrmed that indeed, GBNV
NSm interacts with ER network and remodels it to form circular
ﬂuorescent bodies that look like vesicles (Fig. 4C). These vesicles were
predominantly present near the cell membrane suggesting that NSm
might target itself to PD via the ER derived vesicles. Tobacco etch virus
6K2 protein and Potato virus X TGB 1 protein have been reported to
collapse ER network into vesicles earlier (Schaad et al., 1997; Tilsner
et al., 2012; Wei and Wang, 2008) that are similar in morphology to
the vesicles observed here. More recently, the 6K2 of Turnip mosaic
virus, was found to interact with SNARE protein Syp7 that is required
for virus accumulation. However, the knockdown of SNARE protein did
not affect the vesicle formation (Wei et al., 2013).
With a view to map the region of NSm that could be important
for vesicle formation mutational analysis was carried out. The
results (Fig. 5) suggest that the conserved hydrophobic stretch is
dispensable for vesicle formation and thus for membrane associa-
tion. This is in contrast to the results obtained with ssRNA viruses
where mutations in transmembrane helix were shown to affect
MP localization. However, the conserved I135, P140, P142 residues
in this region seem to be important for the mobilization of the
vesicles to the membrane. The domain involved in the formation
of ER vesicles was further delineated by sequential deletion
analysis. The results clearly demonstrate that N-terminal regions
are dispensable for this function of the protein (Fig. 6). Further-
more, the C-terminal coiled coil domain alone was capable of
inducing vesicle formation (Figs. 7 and 8) indicating that this
domain is responsible for association of NSm with the ER mem-
brane and formation of vesicles. However, the N-terminal residues
might be important for the targeting of the vesicles to PD.
The coiled coil domain has been implicated in membrane fusion in
animals as well as in plants. REMORIN1.3 protein of Solanum tuber-
osum is a PD resident protein that anchors itself to membrane via its
C-terminal coiled coil domain (Perraki et al., 2012). The proteins
containing BAR domains have been implicated in endocytosis
(Habermann, 2004). These domains with their coiled coil structure
are proposed to form banana-shaped hexamers that interact with
membranes via their concave surface and change the membrane
curvature. Thus, coiled coil domains could change membrane curva-
ture upon interaction.
When the coiled coil domain of GBNV NSm was modeled using
the I-TSSR server (Zhang, 2008), it was observed that the coiled
coil domain has similarity to the domains from nucleocapsid
proteins of bunyavirus and the fusion protein of herpes simplex
virus. The fusion protein of herpes simplex virus is involved in
membrane fusion via its coiled coil domain (Lopper and Compton,
2004). It is possible that the coiled coil domain of GBNV NSm is
also responsible for ER membrane fusion and formation of
vesicles. We have shown earlier that GBNV NSm can cause fusion
of liposomes (Singh et al., 2014). In contrast, the central region of
TSWV NSm was shown to be responsible for its association to
membrane (W. Li et al., 2009). As mentioned earlier, TSWV NSm
also has the conserved C-terminal coiled coil domain. It is possible
that the coiled coil domain in this case might be involved in
protein–protein interactions that lead it to membrane association.
The association of viral ancillary proteins with NSm may alter
the localization and hence might affect the viral movement from
Fig. 10. (A) Coexpression of GFP NSm NΔ50 and mCherry Left panel: the image showing the transient expression of GFP:NSmNΔ50. Middle panel: The transient expression
of mCherry:NP. Right panel: Overlay of left and middle panel images clearly indicating the localization of NSmNΔ50 to PD and NP to cytoplasm. (B) Magniﬁed image showing
the lack of merger of red and green ﬂuorescence.
Table 1
Comparison of coiled coil domain in different tospoviruses.
Virus Identity
(%)
Predicted coiled coil
domain
Peanut bud necrosis virus (ACJ70068.1) 100 268–298
Capsicum chlorosis virus (ACN38330.1) 7 267–297
Watermelon silver mottle virus
(AGH32782.1)
82 273–302
Tomato zonate spot virus
(YP_001740045.1)
75 267–296
Melon yellow spot virus (BAG70896.1) 63 265–286
Groundnut ring spot virus
(AAM47012.1)
44 261–286
Tomato spotted wilt virus (CAA63801.1) 45 262–297
Impatiens necrotic spot virus
(ACU33929.1)
40 262–297
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one cell to another. The results presented in Fig. 9 demonstrate
that GBNV NSm interacts with NP in vitro. Further, when the two
proteins are co expressed in planta they seem to colocalize. In
other words, the NSm which is generally located on PD is also
present in cytoplasm and the NP which is cytoplasmic is located
on PD. Since it is the nucleocapsid core that moves from cell to cell
in tospoviruses, the colocalization of the two proteins implies that
it is the NSm–NP–RNA complex that moves from cell to cell. To
further characterize the domain involved in colocalization, N-
terminal unfolded region of NSm was deleted and colocalization
studies were performed. The lack of colocalization of NSm NΔ50
and NP indicates that NSm might interact with NP via the
N-terminal unfolded region (Fig. 10A and B).
The results presented in this paper demonstrate that NSm interacts
with ER membrane via coiled coil domain and forms vesicles, which
are transported to PD. It also associates with NP via the N-terminal
unfolded region. The NP in turn could bind to the RNA genomes and
become part of the NSm vesicles, which are targeted to PD and thus
help in viral movement. Whether the same vesicles would be part of
the viral replication complex needs to be established.
Materials and methods
The chemicals used for biochemical and molecular biological
work were purchased from Sigma, Calbiochem and Novagen.
Restriction endonucleases and DNA modiﬁcation enzymes and
polymerases were purchased from New England Biolabs and MBI
Fermentas. All the other chemicals used were of analytical grade.
Oligonucleotide primers
The oligonucleotide primers used in this study were custom
made from Sigma Chemicals and are listed along with their
description in Table 2.
Plasmid constructs
For transient gene expression, DNA fragments were ligated into
the binary vector pEAQHTb (Sainsbury et al., 2009) at SmaI site.
For the transient expression of GFP fusion protein, the NSm was
cloned at SmaI site in pEAQ–GFP. To prepare mCherry ﬂuorescent
fusion proteins, the mCherry gene was ﬁrst cloned at SmaI site in
pEAQHTb to obtain pEAQmCherry such that the 30 end of the gene
restores the SmaI site. Subsequently, the NSm gene was cloned at
SmaI site of pEAQmCherry, which resulted in the generation of
pEAQmCherry:NSm construct. Similarly, pEAQmcherry:NP con-
struct was also generated.
Deletion mutants were also made using gene speciﬁc primers
and the PCR products were ligated into pEAQ vectors as described
above. For studies on targeting of NSm to ER, pCB302:ERGFP, a
binary vector in which GFP gene is fused with the DNA fragment
corresponding to ER targeting peptide (HDEL) was used (Gopinath
and Kao, 2007).
Transformation and agroinﬁltration methodology
N. benthamiana plants were grown in soil and kept in a growth
chamber at 25 1C with 16 h day light and 8 h dark photoperiod.
Leaves of 20 days old plant were inﬁltrated with Agrobacterium
tumefaciens strain C58C1 essentially as described earlier (Govind
et al., 2012; Main et al., 1995). Strain C58C1 was maintained on LB
agar containing rifampicin (50 μg/ml). This medium was modiﬁed
by adding kanamycin to a ﬁnal concentration of 50 μg/ml in order
to maintain the transformed C58C1 agrobacteria carrying the
binary pEAQ constructs. Plasmids were transformed into C58C1
by electroporation method (Main et al., 1995). For agroinﬁltration,
suspensions of transformed C58C1 bacteria were adjusted to an
OD600 nm of 0.6 in MES buffer (10 mM MgCl2, 10 mM MES, pH 5.6)
and acetosyringone was added to a ﬁnal concentration of 150 mM
(Leckie and Neal Stewart, 2011). Bacterial suspensions were then
maintained at 25 1C for 2–3 h. Inﬁltrations were conducted as
described earlier (Singh et al., 2014). Following agroinﬁltration,
Table 2
Description of oligonucleotides primers used in the study.
Name 50–30 sequence Description
mCherry FP ATGGTGAGCAAGGGCGAGGA Sense primer used for cloning mCherry in pEAQ vector.
mCherryRP GGGCTTGTACAGCTCGTCCATGCC Antisense primer used for cloning mCherry in pEAQ vector. Restore SmaI site at C-terminus.
NSmNΔ50FP GCGGCTAGCGCAAAAACATTGAATGGG Sense primer used for deletion of N-terminal 50 unfolded amino acid residues of NSm. Bold
sequence corresponds to NheI restriction sites.
NSmCΔ40RP GCGGAATTCCCCGCCAGTTCCTTTAGG Antisense primer used for deletion of C-terminal 40 amino acids residues of NSm. Bold
sequence corresponds to EcoRI restriction site.
NSmCΔ65RP GCGGAATTCTTAAATGGGAACTACATC Antisense primer used for deletion of C-terminal 65 amino acids residues of NSm. Bold
sequence corresponds to EcoRI restriction site.
NSmCΔ79RP GCGGAATTCTTAAGGAGTATCGCAGAAGTTC Antisense primer used for deletion of C-terminal 79 amino acids residues of NSm. Bold
sequence corresponds to EcoRI restriction site.
NSmC79FP GGGGCTAGCCCTATAGCTGCTG Sense primer used for cloning only C-terminal 79 amino acid residues (coiled coil domain) of
NSm. Bold sequence corresponds to NheI restriction sites.
Ndel110FP CCCGCTAGCCACTCGTAGGCAATGGAAATGAC Sense primer used for deletion of N-terminal 110 amino acid residues of NSm. Bold sequence
corresponds to NheI restriction sites.
Ndel203 FP CCCGCTAGCGATGAAAAATATGCC Sense primer used for deletion of N-terminal 203 amino acid residues of NSm. Bold sequence
corresponds to NheI restriction sites.
PP140-3AA-
FP
CTTATAATCTGGGTTGTGGCCACTATCGCTGATTCAAAAAAC Sense primer used for mutation of two prolines to alanine. Bold sequence corresponds to MscI
restriction site.
PP140-3AA-
RP
GTTTTTTGAATCAGCGATAGTGGCCACAACCCAGATTATAAG Antisense primer used for mutation of two prolines to alanine. Bold sequence corresponds to
MscI restriction site.
I135E FP GTATATGCATATATCTAGACTTGAAATCTGGGTTGTG Sense primer used for mutation of isoleucine to glutamte. Bold sequence corresponds to XbaI
restriction site.
I135E RP CACAACCCAGATTTCAAGTCTAGATATATGCATATAC Antisense primer used for mutation of isoleucine to glutamte. Bold sequence corresponds to
XbaI restriction site.
NP FP GCTAGCCATATGTCTACCGTTAAGCAGCTCAC Sense primer used for cloning NP. Bold sequence corresponds to NheI restriction sites.
NP RP CAGCGGATCCTTACAATTCCACAGAAGC Antisense primer used for cloning NP. Bold sequence corresponds to BamHI restriction sites.
PDLP1A FP CCCCGGATCCAAATGAAACTCACCTATC Sense primer used for cloning PDLP. Bold sequence corresponds to BamHI restriction sites.
PDLP1A RP TCAAAATTTATTTGTATTTAAATC Antisense primer used for cloning PDLP No restriction site incorporated.
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plants were maintained in the growth chamber for at least 72 h.
Leaves were examined by microscopy at 60 h post-inﬁltration.
Laser-scanning confocal microscopy
After 60 h of inﬁltration, the leaf tissues were mounted on a
glass slide in 10% glycerol under coverslip. Confocal microscopy
was performed using a Zeiss LSM 510 confocal laser scanning
microscope equipped with helium/neon lasers and multitracking.
GFP was excited at 488 nm, and the resulting ﬂuorescence, ﬁltered
through a primary dichroic (UV/488/543/633), 570 nm secondary
dichroic, and BP505–550 nm emission ﬁlters to the photomulti-
plier tube (PMT) detector, was monitored. The ﬂuorescence of the
mCherry fused proteins was monitored by excitation at 543 nm
and the emission was measured with an emission bandwidth of
560–615 nm. The three dimensional images were taken at 1 μm
intervals from 1 to 10 μm. Images were captured and recon-
structed using Zeiss’s LSM 510 software.
Western blot analysis
Agroinﬁltrated N. benthamiana leaves (2 g) were homogenized
in 5 ml of buffer (25 mM HEPES pH 7.4), mixed with 2 SDS
loading dye, boiled for 5 min and cooled on ice. Proteins from
these crude extracts were separated on 12% SDS PAGE (Laemmli,
1970), and electroblotted to PVDF membrane. The membrane was
blocked with PBS containing 5% skimmed milk powder and
reacted with polyclonal antisera against the NSm, secondary anti
rabbit (Sigma, St Louis, MO, USA) antibodies conjugated to horse-
radish peroxidase were detected using chemiluminescent sub-
strate, ECL kit (Millipore). The images were taken using Image
quant – LAS 4000 gel documentation system (GE healthcare).
Puriﬁcation of GST–NSm and His tagged NP
GBNV NSm RT-PCR product (Singh et al., 2014) was cloned at
Sma I site of PGEX-5X-2 vector for expression of NSm fused to
C-terminus of GST (GST–NSm). BL21 (DE3) plysS cells were
transformed with PGEX-5X-2-NSm recombinant plasmid and
plated on LB agar containing 50 μg/mL of ampicillin and 34 μg/
mL of chloramphenicol. A single colony was inoculated into 50 mL
of LB containing 50 μg/mL of ampicillin and 34 μg/mL of chlor-
amphenicol and grown overnight at 37 1C in a shaker incubator.
20 mL of the resulting culture (preinoculum) was inoculated in
two ﬂasks each containing 500 mL of LB with 50 μg/mL of
ampicillin and incubated in shaker incubator at 37 1C till the O.D.
at 600 nm reached 0.6. The expression of the protein was induced
by adding IPTG to the culture to a ﬁnal concentration of 0.3 mM.
Subsequently, the culture was grown at 18 1C for 8 h. The cells
were harvested by centrifugation at 6000 RPM for 10 min at 4 1C.
The cells were resuspended in 20 mM tris HCl, pH 8.0 containing
300 mM NaCl, 0.1% (v/v) Triton-X-100, 2 mM EDTA and sonicated
for 15 min. The lysate was then centrifuged at 9000 RPM for
10 min to remove cell debris and the supernatant was allowed to
bind to 500 μL of GST-bind resin on an end-to-end rotor for 2 h at
4 1C. The beads were then packed in a column and washed with
20 mM tris HCl, pH 8.0 containing 300 mM NaCl, 0.1% (v/v) Triton-
X-100, 2 mM EDTA. The protein was eluted in 20 mM tris HCl
buffer containing 300 mM NaCl, 2 mM EDTA and 20 mM glu-
tathione, pH 8.0. The peak fractions were pooled and dialyzed
against 20 mM tris HCl buffer pH 8.0 containing 300 mM NaCl and
10% glycerol and subsequently stored at 20 1C.
His tagged NP was over-expressed and puriﬁed as described
previously (Bhat and Savithri, 2011).
ELISA for monitoring in vitro protein- protein interaction
The interaction between GST–NSm and NP in vitro was tested
by an enzyme-linked immunosorbent-based assay (ELISA), as
described previously with minor modiﬁcations (Carvalho et al.,
2003; Kaiser et al., 2006; Roy Chowdhury and Savithri, 2011). The
ELISA plate wells (F8 Nunc Maxisorp loose,Nunc) were coated with
6 mg of puriﬁed GST–NSm (100 ml/well) for 1 h at 37 1C. The protein
was diluted in 1 phosphate-buffered saline (PBS) (pH 7.4). The
unadsorbed protein fraction was removed and wells were blocked
with 5% skimmed milk in 1 PBS for 1 h at 37 1C. The plate was
washed with 1 PBS containing 0.05% Triton X 100 thrice and
subsequently with only 1 PBS thrice and 100 μL of the second
protein, that is, puriﬁed hexa histidine tagged NP 1.5–6 mg (N
protein) (Bhat and Savithri, 2011), was then added to the wells and
incubated for 2 h at room temperature. Subsequently, the wells
were washed thrice with PBS containing 0.05% Triton X100 and
then thrice with PBS. This was followed by the addition of rabbit
anti-NP (1:5000 diluted, primary antibody) and incubating for 1 h
at 37 1C. The washes were repeated as before and goat anti-rabbit
IgG (1: 10,000 diluted secondary antibody) conjugated to horse
radish peroxidase (HRP) was added and incubated for 1 h at 37 1C.
This was followed by washing and addition of 1 substrate TMB/
H2O2 (diluted from 20 stock solution in distilled water) and
monitored for the blue color development. The reaction was
stopped by the addition of 2 N H2SO4 (50 μL/well). Interactions
were quantiﬁed by reading the absorbance at 450 nm using a
Spectra Max 340PC384 absorbance microplate reader (Molecular
Devices Inc.). All the experiments were done in triplicate and
standard deviation was calculated. In the control experiment, PBS
was added in the wells instead of GST NSm and the subsequent
operations were the same as described above. Another set of
control included the coating of the wells with GST and adding NP
as the second protein, while the remaining protocol was the same
as described above. This was to rule out the possibility of any
interaction observed between GST and NP.
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